INTRODUCTION
============

Multilocus sequence typing (MLST) is a nucleotide sequence-based approach to the unambiguous characterization of strains of bacterial species, or other microbial species, via the Internet ([@b1],[@b2]). MLST involves obtaining the sequences of internal fragments of seven house-keeping genes for each strain of a particular species. The sequences of each fragment are compared with all the previously identified sequences (alleles) at that locus and, thereby, are assigned allele numbers at each of the seven loci. The combination of the seven allele numbers defines the allelic profile of the strain and each different allelic profile is assigned as a sequence type (ST), which is used to describe the strain.

Nucleotide sequencing is relatively cheap, and easy to perform. The data produced by MLST are ideal for the characterization of strains of bacterial or fungal species via a web server. MLST is now widely used for molecular epidemiology as it allows strains studied by different groups to be compared and MLST schemes have been developed for ∼20 bacteria (mostly pathogens) ([@b3]), and three fungi ([@b4],[@b5]) and databases that can be queried have been available for several years ([@b6]). The MLST databases are currently hosted on two main web servers located at Imperial College London (<http://www.mlst.net>) and Oxford University \[<http://pubmlst.org>; ([@b7])\]. The former web server acts as a gateway to a number of species-specific websites each of which contains tools for the analysis of allele sequences and STs, and a web interface for obtaining epidemiological information held on the increasing numbers of strains that are submitted by the user community.

Along with centrally available tools for those interested in starting their own MLST schemes, such as for defining alleles using non-redundant databases (NRDB), measuring linkage disequilibrium and an interface to Splits Tree ([@b8]), <http://www.mlst.net> provides a number of options to display the relatedness of query strains to those in the strain database.

MLST WORKFLOW
=============

Laboratories undertaking MLST can access species-specific information on each of the individual mlst.net species websites, including sequencing protocols and primer sequences, allowing a laboratory to begin producing data rapidly. Characterization of a strain requires the generation of the sequences of the seven gene fragments and, once these are available, they are used to query the appropriate mlst.net website, to assign the alleles at each locus and thereby to obtain the allelic profile of the query strain. Each MLST website holds the sequences of all known alleles at each of the seven loci, and all known allelic profiles, and through the curator assigns new allele numbers and STs. Every different sequence at each locus is assigned as a distinct allele and new alleles are assigned allele numbers by the curator and are entered in the allele database.

Each MLST species website offers a number of analysis steps for a user. First, alleles have to be assigned from the sequence data by one of three options ([Figure 1A and D](#fig1){ref-type="fig"}): *Single/batch locus query*: allowing a single sequence or a batch of sequences for a single locus to be compared with all known alleles.*Multiple locus query*: allowing the input of the sequences of all seven loci for a single strain.*Batch strain query*: allowing input of the sequences of all seven loci for a batch of strains. In all cases, the user\'s sequence is checked for correct length for that locus, and for the absence of unexpected characters, and is then queried against all other sequences in the species database. For *Candida albicans*, a diploid organism, the standard ambiguity codes are allowed and are used to assign heterozygous nucleotide sites ([@b4]).

If the user\'s sequence is found, the allele number is returned, whereas if the user has a novel sequence, the percentage identity to the closest allele in the database is returned and the user is advised to check carefully those nucleotide sites that differ from the most similar allele or alleles in the database ([Figure 1B](#fig1){ref-type="fig"}). This can be carried out using the Jalview alignment editor ([@b9]), or the nucleotide differences can be displayed between the query sequence and the most similar alleles, as in [Figure 1C](#fig1){ref-type="fig"}. The latter method allows the user to view the flanking sequence around each nucleotide difference between the query and the most similar alleles, allowing the trace files of their proposed new allele to be searched easily for any potential ambiguities or sequencing errors. If a user is confident that they have a new allele, the forward and reverse trace files are submitted to the MLST scheme curator, as a quality control check, before a new allele number is assigned by the curator for the novel sequence. The sequence of the new allele is then entered into the database.

Repeating this process for each locus provides the seven-digit allelic profile for the query strain. The seven-digit allelic profile can then be entered into the allelic profile query to discover if the strain is identical, or similar, in allelic profile to any of the strains already in the database ([Figure 1F](#fig1){ref-type="fig"}). The multiple locus query represents a batch processing method for a single strain, allowing all seven sequences for the query strain to be entered at once and for the allele numbers at each locus to be returned.

BATCH STRAIN QUERY
==================

The repeated querying of single strains becomes very time consuming for laboratories undertaking MLST on many hundred strains of a particular species. The need to analyze sequences from multiple genes from a large number of strains at the same time precludes the use of standard sequence formats such as FASTA or MEGA. Therefore, we use a simple XML format that allows the batch processing of hundreds of strains at one time ([Figure 2](#fig2){ref-type="fig"}).

Formatting the input data with a basic XML wrapper around a set of seven sequences for each strain allows a user to produce a file, for an unlimited number of strains, that can be used for batch processing. To aid production of such a format, each of the MLST species subsites at <http://www.mlst.net> provides a modified Access database that allows users to store their sequence and strain information in one place, and allows the data to be exported in bulk in the correct XML format, without the need for a user to manually produce the document. Furthermore, for sequencing laboratories using the STARS (<http://www.molbiol.ox.ac.uk/~paediat/stars/>) platform for MLST, we provide a facility to convert the FASTA files generated by STARS into the XML format via a web form.

When a user uploads the generated XML file ([Figure 1D](#fig1){ref-type="fig"}), the sequences for each of the seven loci in all of the strains are checked for invalid characters and correct length. Each sequence is then queried against the appropriate allele database ([Figure 1E](#fig1){ref-type="fig"}). If found, the allele number is returned and, if unknown, the user can look further into the sequence differences between the query allele and the most similar alleles in the database ([Figure 1C](#fig1){ref-type="fig"}). If all the seven loci are found, the allelic profile of the strain is queried against a look-up table of STs within the database and, if a match is found, the ST number is returned. If the allelic profile is previously unknown this information is returned. The batch procedure, therefore, automatically returns a table with the alleles, allelic profiles and STs of all the input strains, flagging up those alleles and STs that are previously unknown ([Figure 1E](#fig1){ref-type="fig"}).

Comparing query strains to the database: clustering using allelic profiles
--------------------------------------------------------------------------

The simplest approach is to identify those strains in the database that have some minimum level of similarity in their allelic profile to each query strain (e.g. sharing alleles at ≥4 of the seven loci), and to show the relationship of the query strain to those returned from the database query using a dendrogram, based on the matrix of pairwise differences between the allelic profiles of the strains ([Figure 1F](#fig1){ref-type="fig"}).

Comparing query strains to the database: using eBURST
-----------------------------------------------------

Traditionally, dendrograms have been the method of choice for displaying the implied relationships between strains of a bacterial population or species. However, although dendrograms are good at visualizing the clusters of identical or very similar strains, the bifurcating process of lineage splitting implied by a dendrogram is a very poor representation of the way in which bacterial lineages emerge and diversify. A new algorithm, BURST ([@b10]), was recently introduced that does not impose a tree-like pattern of descent, but rather uses an appropriate model of recent bacterial evolution. In addition, it is very difficult to display the relatedness of all strains in a large MLST database, including thousands of STs, on a dendrogram, and better ways of displaying the relationships among all strains in large MLST databases are required.

Briefly, the model incorporated into BURST assumes that, due to selection or genetic drift, some genotypes will occasionally increase in frequency in the population and will then gradually diversify by the accumulation of mutation(s) and/or recombinational replacements, resulting in slight variants of the founding genotype. Initially, members of this emerging clone will be indistinguishable in allelic profile by MLST, however with time, the clone will diversify to produce a number of variants in which one of the seven MLST loci has been altered---single locus variants (SLVs). Further diversification will produce variants of the founder ST that differ at two out of the seven loci---double locus variants (DLVs). In this simple model, bacterial populations will consist of a series of clonal complexes (sets of variants of a founding genotype) that can be recognized from the allelic profiles of the strains within a MLST database ([@b10]).

An interactive implementation of the BURST algorithm, eBURSTv2 ([@b10]), is integrated within the MLST websites at <http://www.mlst.net> as a JAVA™ applet and can be used to explore the relationships among strains within the database and to explore the relationships of newly characterized strains to those in the database ([Figure 1G](#fig1){ref-type="fig"}). eBURST uses the STs and their associated allelic profiles as input and, using the default setting, divides the strains into groups in which all STs in the same group share ≥6 out of 7 loci with at least one other member of that group, resulting in non-overlapping groups or clonal complexes. Of particular value is the ability to link back to the MLST database from the eBURST diagram of a clonal complex, and the ability to display all the STs in a large MLST database in a single diagram \[([@b10]); a population snapshot; and [Figure 3](#fig3){ref-type="fig"}\], showing all the major and minor clonal complexes, and individual STs that are relatively distantly related to all other STs.

Comparing query strains to the database: using the concatenated sequences
-------------------------------------------------------------------------

The ability to concatenate the sequences at the seven loci, maintaining the correct reading frame, and to construct a neighbor-joining tree based on these sequences is provided, but needs to be used with considerable caution. A module from MEGA ([@b11]) provides the tree topology in Newick format which is then displayed using the ATV applet ([@b12]). Allelic changes at the MLST loci will occur (to a varying degree depending on the species) by recombination, and in many cases the relative contribution of recombination and point mutation to the diversification of strains will be unknown ([@b13]). A long history of recombination will preclude the recovery of the true phylogenetic relationships between distantly related bacterial strains and even the relatedness between similar strains may be better represented on a tree based on differences in allelic profiles than one based on differences in the concatenated sequences. However, there are specific issues that can be usefully addressed by using the concatenated sequences. For example, the *Burkholderia pseudomallei* database includes strains of closely related species and the *B.pseudomallei* MLST website provides a facility to examine the position of a query strain on the tree constructed using concatenated sequences, which can establish whether the query strain is *B.pseudomallei* or something similar to, but distinct from, *B.pseudomallei* ([@b14]). Similarly, there is considerable confusion about whether strains that appear to be *Streptococcus pneumoniae*, but which cannot be assigned to a pneumococcal capsular serotype, are authentic pneumococci that do not produce a capsule or are members of a similar but distinct streptococcal population. The pneumococcal MLST website has a facility to examine whether a query strain clusters within a reference set of *S.pneumoniae* strains, or with the related population, using a tree based on concatenated sequences, which can resolve this issue in most cases (see the following section; [Figure 1H](#fig1){ref-type="fig"}). Trees based on concatenated sequences may also be useful for assigning *Haemophilus influenzae* strains to major lineages ([@b15]) or for *Staphylococcus aureus* where recombination appears to be rare ([@b16]).

Typical workflow for data entry using the batch strain query
------------------------------------------------------------

Here, we consider the workflow of a user analyzing a number of recently sequenced strains using batch entry. As an illustrative example we focus on a single representative mlst.net species website, <http://spneumoniae.mlst.net>, the site for characterizing strains of *S.pneumoniae* ([@b17]).

The uploaded XML file of a batch of *S.pneumoniae* strains and their associated sequences results in a table of results ([Figure 1E](#fig1){ref-type="fig"}). Error messages (red) alert the user to the fact that some sequences are of the wrong length for that locus (strain 8) or contain unexpected characters (strain 13). In some strains, all the alleles are previously known and the allele numbers are returned in the results table. For some of these strains, the combinations of alleles at the seven loci (allelic profiles) are also known and the ST number is shown in the table (e.g. strain 4). In one case (strain 14) the alleles are all known but the combination of alleles is previously unknown. In other strains, one or more alleles are unknown and the ST must also be unknown (e.g. strain 3), and the ST is flagged as incomplete, as the new alleles have to be checked and assigned new allele numbers by the curator. Clicking on 'unknown' allele highlights the nucleotide differences in the new allele compared with the most similar alleles ([Figure 1C](#fig1){ref-type="fig"}).

None of the alleles in strain 15 are found in the *S.pneumoniae* database, and there is therefore some uncertainty whether this strain is a pneumococcus. To investigate the status of this strain further, the user can select the option to examine the phylogenetic status of the strain, by using the concatenated sequences to compare its position on a reference tree ([Figure 1H](#fig1){ref-type="fig"}), which includes a set of strains covering the known diversity of authentic pneumococci, and a set of closely related strains that are similar to but distinct from the authentic pneumococci (W. P. Hanage and B. G. Spratt, unpublished data). The sequences of the loci of the query strain are concatenated, and the sequence is added to a stored file containing the concatenated sequences of the reference strains, and a neighbor-joining tree is constructed ([Figure 1H](#fig1){ref-type="fig"}). Using this approach, strain 15, which has an unknown allelic profile but known alleles at all loci, clusters within the authentic pneumococci, but strain 14 with new alleles at all loci is clearly not a pneumococcus, as it clusters away from the pneumococci and within the more diverse set of related streptococcal strains.

From the results of the batch strain query, the user can also relate their unknown STs to all other strains in the MLST database using eBURST ([Figure 1G](#fig1){ref-type="fig"}). The unknown STs are assigned unique temporary ST numbers, to distinguish them from the STs in the database. In [Figure 1G](#fig1){ref-type="fig"}, strain 14 has been assigned the temporary ST10001 and by eBURST it can be seen to be a SLV of ST156 within one of the major pneumococcal clonal complexes. Any strain in the batch strain query (excepting those with alleles of incorrect length or with unexpected characters) can be compared with the MLST database as, using the eBURST option, new alleles, as well as new STs, are given temporary numbers allowing them to be analyzed by the program.

CONCLUSIONS
===========

Websites for evaluating the taxonomic status of strains using 16S rRNA sequences are well established and, in recent years, several websites have been developed for molecular epidemiology and population genetics, to assign isolates of bacterial species to strains, lineages and clonal complexes, using data generated by MLST. We describe the set of MLST species websites within <http://www.mlst.net>, and the tools that allow users to identify query strains, and to explore their relationship with other strains in the database. MLST is being widely used and there is a need for new ways to input and query large sets of strains and to display the relatedness of the many thousands of strains within the larger MLST websites. Some progress has been made to achieve these aims and in future we envisage a fully automated procedure, with data flowing directly from sequencer to ST assignment. Those developing new MLST schemes for bacterial or fungal species can join <http://www.mlst.net> to take advantage of the features available at this site, and to have a consistency of format for the MLST websites. A slightly different common format for MLST websites is provided by those species sites (such as that for *Neisseria meningitidis*) hosted at <http://pubmlst.org>. Hosting of new MLST schemes at <http://www.mlst.net> allows the databases to be stored and backed up on servers at Imperial College London but with remote strain entry, ownership and curation, by the developer of the MLST scheme, using MLST curation software.
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![Schematic representation of a typical MLST workflow. (**A**) Sequences can be entered locus by locus (single locus query), or all seven loci from a single strain (multiple locus query), or (D) by uploading a XML file with a set of strains and their sequences (batch strain query). (**B**) For the single and multiple locus queries, sequences that are not in the database are identified, and can be compared with the sequences of all known alleles using Jalview ([@b7]), or (**C**) the nucleotide differences compared with the most similar alleles can be displayed. The batch strain query (**D**) returns a strain table (**E**), which shows the allele number for each locus if known and the allelic profile if all the seven alleles and the ST are known. Strains that have the most similar allelic profiles to query strains are displayed as a table or by cluster analysis (**F**), and further information about them can be obtained. For the pneumococcal example used here, the query strains can be compared with the reference set of pneumococcal strains and closely related streptococcal strains, to establish whether or not they are pneumococci, using the concatenated sequences to construct a neighbor-joining tree (**H**). The relationship of unknown strains to the whole population can also be investigated using eBURST (**G**).](gki415f1){#fig1}

![The XML format for batch querying multiple strains using mlst.net.](gki415f2){#fig2}

![A population snapshot of the entire *S.pneumoniae* MLST database showing all major and minor clonal complexes viewed using eBURST.](gki415f3){#fig3}
